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PHASE TRANSITIONS IN AMMONIUM PERCHLORATE
TO 26 GPA AND 700 K IN A DIAMOND ANVIL CELL

M. Frances Foltz and Jon L. Maienschein

Lawrence Livermore National Laboratory,
P.O. Box 808, L-282, Livermore, CA  94551

Ammonium perchlorate (AP) showed previously unreported phase behavior when studied in a
diamond anvil cell (DAC) at high temperature (to 693 K) and high pressure (to ~26 GPa).
Liquid droplets, observed above the known 513 K orthorhombic-to-cubic phase transition, are
interpreted as the onset to melting. The melting point decreased with increasing pressure. Mid-
infrared FTIR spectra of the residue showed only AP. The AP melt may contribute to shock
insensitivity of AP-based propellants. Gas formation was seen at higher temperatures. A phase
diagram was constructed using the appearance of liquid and gas as solid-liquid and liquid-gas
transitions. Preliminary pressurized differential scanning calorimetry data showed a weak
pressure dependence (to ~6.9 MPa) for the orthorhombic-to-cubic phase transition.

INTRODUCTION

Ammonium perchlorate (AP; NH4ClO4) has
long been of interest to the propellant community.
In spite of extensive research (1) there is very
little known about its phase diagram and the role
phase transitions may play in AP reactivity and
sensitivity to external stimuli. Apparent phase
transitions have been noted at subambient
temperatures and high pressure. (2) The reversible
solid-solid transition from orthorhombic-to-cubic
structure at 513 K, accompanied by a density
decrease from 1.95 g/cm3 (298 K) to 1.71 g/cm3

(523 K), has been studied to 0.4 GPa and 573 K;
in addition, an infrared analysis of AP for
pressures up to 4-GPa (3)  tentatively located the
orthorhombic-to-cubic phase transition at 300 K
and ~1.0-2.4 GPa. This phase conversion has been
correlated with sudden changes in AP reactivity.
No stable melt has been reported at higher
temperatures, although quenched samples from
pure AP and propellant combustion experiments
indicate surface melting of AP may occur under
pressure and temperature conditions like that in
rocket motors.

We observed three apparent phase transitions
over the range of 298-653 K and ambient pressure
to 26 GPa, and have constructed the corresponding
phase diagram. This includes phase lines
corresponding to the solid-solid orthorhombic-to-
cubic transition, the onset to melting, and the

onset to vaporization. Gas formation was
accompanied by rapid decomposition when
catalyzed by metal oxide.

EXPERIMENTAL

This work, done in two stages, is described in
more detail elsewhere.(1) The first set of
experiments involved visual observation and
video-tape recording of changes in AP pressurized
in a diamond anvil cell (DAC) and heated at a
constant rate to the final temperature of ~700 K.
This first work provided a qualitative
understanding of AP behavior. In the second set of
experiments, pressure measurements were also
made by the standard ruby fluorescence technique
(4, 5) with chips of ruby embedded in the AP
sample. Pressure calculations were based on
independently measured temperature since both
temperature and pressure affect the ruby R1 line
frequency shift (6, 7) Pressures were corrected for
temperature effects. (1)

The ammonium perchlorate in the first work was
of unknown purity; that used in the second half
was as-received 99.8% pure (Aldrich). The
Bassett-type DAC and pressure measurement
instrumentation have been described in earlier
work. (1, 8, 9) Heating ramp rates were typically
~0.17 K/s.

Relatively large (≤40-µm dia) pieces of ruby
and pieces of corundum (α -Al2O3) were added to



some samples to test whether ruby inclusions
could cause a temperature depression of observed
phase transitions or act as a catalyst for AP
decomposition. Al2O3 (ruby matrix) is not known

to be catalyze AP decomposition, (10, 11) but the
ruby dopant Cr2O 3 is known to catalyze AP
reactions. (11, 12)

In the second set of experiments, pressure was
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FIGURE 1. Sequence of melting, gas formation and catalyzed decomposition of AP heated at 0.17 K/s in the DAC. The initial pressure
was 5.2 GPa, and the temperature ranged from 648 K (a) to 649 K (f). In (a) and (b), the upper arrow points to where we see localized
melting with droplet formation. The lower arrows in (a) and (b), and the arrows in (c) and (d), point to where we see onset of bulk
melting and flow of liquid. The melt/decomposition front starts at the lower arrow in (a) and sweeps left-to-right in (b) - (e). The lower
arrows in (b) and (c) point to a channel where liquid from the melt/decomposition front can be seen flowing ahead of the front.

monitored (by laser-induced ruby fluorescence) as
a function of the DAC body temperature. This
temperature  lagged 1-2 K below the gasketed
sample during rapid heating (0.17 K/s), but the
two temperatures agreed after 10-20 minutes of
isothermal operation. The resultant temperature
error of <1 % is less than the pressure error of
±5% from nonhydrostatic conditions. (13, 14)

Three experiments were done at room
temperature. In two runs one of the diamonds
shattered near the onset of liquid formation.
Catastrophic diamond failure did not occur in the
third sample, in which the AP sample was
buffered from the gasket with a layer of teflon.

Continuing work involves monitoring the
pressure-dependent thermal behavior of AP powder
(open Pt pan, 10 K/min scan rate) in a pressurized
differential scanning calorimeter module at helium
pressures up to ~6.9 MPa. The sample size (~1.7-
2.0 mg) is about 103 times larger than in the DAC.

RESULTS

Observations common to both stages of work
included changes associated with the 513 K solid-
solid transition, the appearance of wet spots
attributed to melting, and gas formation
accompanied by decomposition. Differences
depended on gasket material and rate of heating
used during the phase transitions. The first notable

thermal behavior was the orthorhombic-to-cubic
transition followed at T≥600 K. Slow heating (0.5
K/min) of AP through this transition caused the
sample to fragment completely into an opaque
polycrystalline powder, although this was not seen
with faster heating (0.17 K/s). The next observable
event at higher temperatures was the appearance
of wet spots throughout the sample (Fig. 1a, 1b).
For the faster heating rate, the spots increased in
size and coalesced before gas formation and/or
decomposition occurred at ≥620 K. For slower
heating, the onset of wetting was at a higher
temperature for comparable initial pressure, and
gas formation and/or decomposition started at
temperatures up to 675 K.

With stainless steel gaskets, rapid AP decompo-
sition occurred simultaneously with gas bubble for-
mation at the liquid-gasket interface. This gas-to-
decomposition sequence did not start at the
surface of ruby or corundum inclusions.
Decomposition took the form of a sudden orange
discoloration in the liquid which swept across the
sample, the wake discoloring to black until the
entire sample turned opaque (Fig. 1). After the
DAC was cooled to room temperature, the residue
in the gasket was a crusty black solid riddled with
bubble marks. Due to difficult sample recovery,
this material was not analyzed.

AP in inert tantalum (Ta) gaskets exhibited dif-
ferent behavior. Instead of discoloring to orange



and black, the wet spots coalesced to a clear
liquid which was displaced by gas to nearly fill
the hole. The retreat of liquid to the gasket edge
left an "empty" gasket assumed to contain gas
products. During cooling to room temperature,
residual liquid froze to a clear solid. One Ta-

confined AP sample was further heated to ~675 K
after gas formation, which caused residual liquid
to decompose to an opaque solid. Infrared FTIR
analysis (4 cm-1 resolution) on room-temperature
residues from samples in Ta gaskets heated only
to
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FIGURE 2.  Phase diagram of ammonium perchlorate deduced from our experimental data ( , , ). Experimental data from Ref. 16
( ) and 3 ( ) are shown in the insert for comparison with our orthorhombic-cubic transition data( ). A second solid-solid transition ( )
from Ref. 2 is also shown. Fitted lines through the data are meant as guides for the eye and do not suggest extrapolations of data to
higher pressures than measured.

melting showed AP spectral features; however, no
peaks corresponding to the ClO4

– ion (15) were
seen for samples heated to vaporization,
indicating at least partial decomposition.

Monitoring the onset of the orthorhombic-to-cu-
bic transition, and solid-liquid and liquid-gas
transitions, as a function of temperature and
pressure allowed construction of the AP phase
diagram in Fig. 2. All runs showed a drop in
pressure during heating due to a thermal expansion
mismatch among DAC components and sample.
For samples at initial pressures <2.0-2.5 GPa, the
orthorhombic-to-cubic transition was accompanied
by a precipitous drop in pressure of up to 0.2 GPa -
each sample had to be repressurized to continue
the run. For samples at pressures of 2.5-4.0 GPa,
there was a much smaller pressure drop at the
orthorhombic-to-cubic transition, while at higher
pressures this transition was not observed. A
second isothermal pressure drop accompanied
onsets to liquid and gas formation. Just beyond the
liquid onset, the wet spots disappeared with the
pressure drop, and then reappeared with increase
in temperature. The drop in pressure between the
onsets of liquid and gas formation was so extreme
that to reach maximum pressure and temperature,
it was necessary to repressurize the sample.

Pressurized DSC data showed no measurable
difference in the onset or peak of the solid-solid
endotherm up to the maximum pressure of 6.9
MPa.

DISCUSSION

The orthorhombic-to-cubic phase transition
shows a weak pressure dependence of ≈
-6.3 K/GPa. This corresponds to a neglible change
in melting point at the maximum PDSC pressure,
in agreement with the PDSC data. The room
temperature ~1.0-2.4 GPa data point of Brill, et
al., (3) predicts a modest ~1 K drop in melting
point at this pressure. Other experimental data
using differential thermal analysis and volume
displacement techniques (16) gives a positive
slope of ~154 K/GPa, or a melting point elevation
of +34.6 K at the maximum PDSC pressure. The
lack of agreement among these studies will be
discussed more elsewhere. (17)

The precipitous pressure drop seen for samples
with initial pressures below 2.0-2.5 GPa is
apparently a result of the stress from the
orthorhombic-to-cubic transition. The product of
volume expansion (13%) and bulk elasticity (3.33
P + 9.08, GPa) (1) gives the stress (P). Solving for



P shows a 2.1 GPa stress exerted by the AP on the
diamonds during transition, so the diamonds were
forced apart and the sample cell vented with
release of pressure. At higher initial pressures, the
DAC exerted enough force to contain the sample.

The solid-liquid transition shows a strong pres-
sure dependence, and a notable downward
curvature. This curvature indicates the liquid has a
higher density than the solid, which is consistent
with the disappearance of wet spots with drop in
pressure - the formation of higher density regions
pushes the entire sample to equilibrate to lower
pressure. It also points to a structural instability
and the possible existence of another more stable
form at higher pressure.(18, 19) However, no
higher pressure solid form was seen at room
temperature for P≥26 GPa in this study.

The liquid-gas transition data from Ta- and
stainless s teel-gasketed samples were
indistinguishable; thus the onset to vaporization is
independent of subsequent decomposition. The
rapid decomposition of AP in the 301-SS gasket is
probably due to contact with the metal oxide
surface film on the gasket. This observation is
consistent with AP catalyzed decomposition by
ferric oxide (10) and not by Al2O3 (10, 11) or
Cr2O3. (11, 12)

In Ta gaskets, the AP forms a stable melt phase
before decomposition sets in, which is unusual for
an energetic material. The stability of the melt is
consistent with an ambient pressure thermal
decomposition mechanism that proceeds by proton
transfer, evaporation of NH3 and HClO4, and
decomposition of HClO4(g), the radical products of
which then oxidize the NH3. (20) Both solid-liquid
and liquid-gas phase lines extrapolate at low
pressure to T~550-560 K where sublimation is
significant. (21) The data suggests that the process
of sublimation may diverge into two reaction
pathways, melting and vaporization, with the
application of pressure. Since the lowest pressure
measurable in the DAC was ~0.5 GPa, another
pressure-dependent technique should be used to
separate these processes at ambient pressure.

The existence of a solid-liquid phase transition
at extreme conditions may contribute to the shock
insensitivity of AP-based propellants. (22, 23)
Endo-thermic melting of AP under shock will lead
to a lower final temperature. Furthermore, the
liquid AP can flow and fill voids, deactivating
initiation sites. The exact mechanism of
desensitization remains speculative, but
understanding the behavior of AP-based materials
under shock requires consideration of the phase
transitions, particularly the solid-liquid transition
reported here.

SUMMARY

The behavior of ammonium perchlorate was
studied at temperatures up to 693 K and at
pressures up to ~26 GPa in a diamond anvil cell
(DAC). The solid-solid 513 K phase transition, and
solid-liquid and liquid-gas phase lines were
observed, and are shown in a proposed phase
diagram of AP. Preliminary pressurized differential
scanning calorimetry data agrees with a weak
pressure dependence (to ~6.9 MPa) for the solid-
solid phase transition. Liquid droplets interpreted
as the onset to melting, were observed at
temperatures above this solid transition. The
melting curve plotted from this data has a
downward curvature with pressure, consistent with
materials for which the liquid has a higher density
than the solid. At higher temperatures, gas for-
mation followed a curve rising with increasing
pressure. Due to a precipitous drop in pressure
after the onset of melting, the pressure range of
the measured vaporization curve was limited.
Rapid decomposition took place during gas
formation in the presence of metal oxide catalyst
on the stainless steel gasket, but not for samples
loaded in inert Ta gaskets. Mid-infrared FTIR
spectra showed only AP spectral features after
residue had solidified from the melt, but no ClO4

-

ion peaks in residue cooled from gas formation
suggesting partial decomposition.
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